Pharmaceuticals are continually being introduced into the influent of municipal wastewater treatment plants (WWTPs). Developing a better understanding of pharmaceutical removal mechanisms within the different treatment processes is vital in preventing downstream contamination of our water resources. In this study, ibuprofen, a popular over-the-counter pain reliever, was monitored by taking wastewater samples throughout the City of Guelph municipal WWTP. Greater than 95% of ibuprofen was found to be removed in the aeration tank, with aerobic biodegradation being the dominant mechanism. For comparison, first-order kinetics were These two rate constants were found to be statistically similar. Preliminary study of a biological nutrient removal pilot system also suggests that ibuprofen can be anaerobically degraded.
INTRODUCTION
Thousands of pharmaceuticals and personal care products (PPCPs) are produced and consumed in quantities that exceed hundreds of thousands of tons each year (Metcalfe et al. 2003; Jones et al. 2005) . In the last two decades, advances in laboratory technologies have led to the discovery of pharmaceutical contamination in surface water, groundwater, and sometimes drinking water sources.
The presence of these drug compounds stems primarily from their consumption and continual introduction into the influent of municipal WWTPs, and subsequent discharge into surface water bodies since many pharmaceuticals are not completely utilized in the human body: approximately 30% to 90% of the original compounds are excreted from the body and make their way to the wastewater treatment plant (WWTP) (Hirsch et al. 1999; Metcalfe et al. 2003) .
Understanding the ability of available treatment processes to remove pharmaceuticals from wastewater is vital in preventing downstream contamination of drinking water sources.
Ibuprofen phenylacetic acid) is a non-steroidal anti-inflammatory (NSAID) analgesic and antipyretic drug widely used in the treatment of rheumatic disorders, pain, and fever. It is a popular over-the-counter drug, with a relatively high daily therapeutic dose of 600 to 1200 mg/d, of which 70% to 80% is excreted (Buser et al. 1999) . Many studies have found that ibuprofen is well removed (between 60% to 99%) from most WWTPs (Buser et al. 1999 Clara et al. 2005; Thomas & Foster 2005; Joss et al. 2006) . Studies have shown that the majority of the ibuprofen removal occurs in secondary treatment through biodegradation, while sorption of ibuprofen to particulates and sludge appears to be doi: 10.2166/wst. 2008.658 negligible . Volatilization of ibuprofen has also been shown to be negligible (Joss et al. 2006) . As a preliminary step for this research, wastewater samples were collected throughout a conventional WWTP and a pilot MBR plant.
Recently, researchers began examining the rate of aerobic biodegradation of ibuprofen in both conventional WWTPs and membrane bioreactors (MBRs); however, preliminary reports conflict on which treatment system is more efficient at removing ibuprofen. The removal efficiencies were described in terms of the biodegradation rate constant (k biol ). A 2005 study by Clara et al. found no differences between the k biol for the two treatment methods, While the biodegradation occurring in a municipal WWTP or MBR is aerobic, few studies have touched on whether anaerobic biodegradation would be effective in removing pharmaceuticals from wastewater. The ability of WWTPs to anaerobically degrade ibuprofen was also tested through a biological nutrient removal (BNR) system that includes an influent tank, an anaerobic tank, an anoxic tank, and an aerobic tank.
MATERIALS AND METHODS
Sampling at the City of Guelph WWTP Wastewater samples were obtained from the City of Guelph municipal WWTP, located in Ontario, Canada. This plant consists of preliminary treatment (headworks), primary treatment (primary clarifiers), secondary treatment (aeration tanks followed by final clarifiers) and tertiary treatment (rotating biological contactors followed by sand filtration and chlorine disinfection). The wastewater flowing from the preliminary treatment is separated into 4 separate "treatment train plants" for the primary and secondary treatment phases, then recombined for the tertiary treatment. One-litre grab samples were collected (in duplicate) using a peristaltic pump from treatment train plant #1 and #4 at the 
Sampling the biological nutrient removal pilot plant
The BNR pilot plant was set up by the University of Guelph on the City of Guelph WWTP site and consisted of an influent tank, followed by an anaerobic tank, an anoxic tank, and an aerobic tank containing a GE Zenon ZeeWeed 10w microfiltration membrane for clarification purposes. One-litre grab samples were taken twice from the following locations: influent to the BNR; anaerobic tank; effluent from anoxic tank; and effluent from the aerobic membrane tank. Because of the high recirculation between tanks, the grab samples were collected at one time.
Biodegradation equations
Studies have confirmed that pseudo first-order degradation kinetics hold for all pharmaceuticals right down to low (ng/L) concentrations (Joss et al. 2006) . The relative amounts of ibuprofen degraded in a batch reactor or PFR, and CSTR are given by Equation 1 and 2, respectively. Since sorption is not a mechanism of removal for ibuprofen, there is no need to set up a complete mass balance over the entire WWTP. Instead, the removal can be assessed by direct comparison of the influent and effluent concentrations (Joss et al. 2005) . As such the relative ibuprofen removal due to the biological transformation can be calculated as:
Analysis of biodegradation rates
Ten-litre grab samples were obtained using a peristaltic was divided out by the SS concentration of the sample in order to find the rate constant, k biol , to account for the MLSS differences between the conventional WWTP and the MBR.
Analysis of ibuprofen in wastewater
The wastewater samples were cleaned up using solid phase extraction (SPE), and then analyzed for ibuprofen by Gas Chromatography/Mass Spectrometry (GC/MS) at the University of Guelph, School of Engineering laboratory.
Chemicals and Reagents
Ibuprofen and meclofenamic acid were purchased from Sigma Aldrich. Stock standards were prepared in ethyl acetate and stored at 220 8C. Silylating agent, N,Obis(trimethylsilyl) trifluoroacetamide (BSTFA) was acquired from Fisher Scientific. All solvents were pesticide grade or better and used without further purification.
Sample Collection and Preparation
One-litre samples were collected in prewashed amber glass bottles and filtered using 1.5 mm Whatman 934/AH filters, followed by 1.0 mm Whatman GF/B filters. The samples were then adjusted to a pH of 2.0 using 1 N hydrochloric acid (HCl), and if necessary, 1 M sodium hydroxide (NaOH). At this point, the samples could be stored at 4 8C for up to 24 hours before they had to be analyzed.
Solid-Phase Extraction
Samples were allowed to warm to room temperature before a surrogate standard was added to each sample. A concentration of 1000 ng of meclofenamic acid dissolved in 50 mL of ethyl acetate was spiked in to each wastewater sample.
Meclofenamic acid was used because it is a NSAID that is completely metabolized in the human body, and is therefore unlikely to be found naturally in wastewaters (Thomas & Foster 2005) . Oasis HLB 60 mg cartridges (purchased from Waters Corporation) were pre-conditioned with 3 mL of hexane, 3 mL ethyl acetate, 3 mL of methanol, and finally 5 mL of Milli-Q water adjusted to a pH of 2.0. The wastewater samples were passed through the cartridge at a flow rate of approximately 8 to 10 mL/min by applying a low vacuum.
The cartridges were then dried completely by applying a gentle vacuum for approximately 30 to 40 minutes.
Following this, 2 mL of hexane was passed through the cartridge as a clean-up step. The ibuprofen was very slowly eluted from the cartridge with 3 mL of ethyl acetate in to 5 mL borosilicate glass test tubes. The resulting eluate, (or extract), contained in the glass test tube was then concentrated down by blowing a gentle stream of nitrogen gas into the heated test tube to evaporate off the ethyl acetate.
Derivatization
The sample was reconstituted with 150 mL of ethyl acetate and manually agitated to dissolve the residue. Following this, 100 mL was transferred from the test tube to a small glass autosampler vial, along with 50 mL of BSTFA. The vial was tightly capped and placed in the GC oven, set at 70 8C, for 30 minutes.
GC/MS Equipment and Conditions
The instruments used were the HP5890 Series II Gas A mass balance was used to determine if the reduction in ibuprofen concentration was solely due to dilution by the recirculated portion of the aerobically treated wastewater.
Mass balances were completed across each of the three tanks (i.e., anaerobic, anoxic, and aerobic) for both sampling dates, and solved for the biodegradation rate, k (in 1/h), in each tank. The k value was found to be greater than zero in each of the three tanks, indicating that biodegradation is in fact occurring throughout the BNR system, including in the anaerobic tank. This is a reasonable given the diversity in bacterial population that would likely be present in the combination of aerobic, anaerobic and anoxic systems.
The difference in influent concentration between the two sampling trials can be attributed to the time of day the sample was collected. The first influent sample was collected during mid-day when wastewater flows were lower, whereas the second influent sample was collected in the morning when anoxic tank ibuprofen concentrations. With only two sample trials to examine, the results for anoxic degradation are inconclusive and further testing is recommended. As expected, the aerobic biodegradation rate was very similar between the two trials, with 82% and 81% ibuprofen removal rates, and biodegradation rates of 1.21 1/h and 1.14 1/h calculated for the two trials, respectively.
Rates of biodegradation
WWTP Plant #4 primary clarifier and aeration Tank MBR plant were compared, the difference between the two system's constants was not found to be statistically significant. A BNR pilot system was sampled to determine if ibuprofen could also be anaerobically degraded. Preliminary findings from this sampling suggest that ibuprofen can be degraded anaerobically.
